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A population of Mus musculus subsp. musculus (Czech II), recently isolated from the wild, lack endogenous
mouse mammary tumor virus (MMTYV) proviral genomes. Some of these mice carry an infectious MMTV
[designated MMTYV (Czech II)] that is transmitted in the milk and is associated with mammary tumor
development. This virus is distinct from laboratory strains of MMTYV present in inbred mice. An MMTV
(Czech II) genome was found within a 0.5-kilobase region of the cellular genome in five of 16 Czech 11
mammary tumors. MMTYV insertion at this site activates expression of a 2.4-kilobase species of RNA from a
previously silent cellular gene. This region of the cellular genome was designated int-3 since it is unrelated to
the int-1 and int-2 loci. The int-3 locus does not appear to correspond to other proto-oncogenes but is well

conserved among mammalian species.

Spontaneous mammary tumorigenesis in mice is fre-
quently associated with chronic infection of host mammary
tissue by mouse mammary tumor virus (MMTV) (38).
MMTYV, like other retroviruses, can act as an insertional
mutagen since it can integrate at numerous, perhaps, ran-
dom, sites in the cellular genome of the host (36). It has been
proposed as a general hypothesis that cellular genes, whose
expression is activated or augmented as a result of retroviral
insertion in many tumors of the same type, probably con-
tribute to tumorigenesis (36). In avian leukosis virus-induced
B-cell lymphomas the activated cellular gene is c-myc, the
progenitor of a retroviral oncogene (15). The situation in
MMTV-induced mammary tumors appears more complex.
The association between MMTV and mammary tumori-
genesis was first recognized in inbred strains of Mus
musculus which had been selectively bred for a high inci-
dence of mammary tumors (37). Analysis of mammary
tumors from the C3H and BR6 mouse strains led to the
identification of two cellular genetic loci (designated int-1
and int-2) which are frequently occupied by an MMTV
genome in mammary tumor DNA (21, 22). The int-1 and int-2
loci are located, respectively, on mouse chromosomes 15
and 7 (20, 23). Insertion of a viral genome at either locus
activates expression of a previously silent gene within the
affected locus (8, 21). These activated cellular genes are
highly conserved among vertebrates and are unrelated to
each other or to the known proto-oncogenes (4, 17, 20, 35).
The frequent insertion of an MMTYV genome at these loci is
not limited to mammary tumors of high incidence in inbred
mouse strains. Indeed, they are similarly affected in mam-
mary tumors of the distantly related feral species M.
cervicolor subsp. popaeus (10). In this species the MMTV
(designated MC-MTV) genome shares limited nucleotide
sequence homology with those of laboratory strains of
MMTYV (18, 28). Although direct evidence for the oncogenic
potential of the int loci is not available, their activation by
different strains of MMTYV in distantly related species further
supports the hypothesis that they are members of a new
family of tumor-associated genes.
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Two observations suggest that there might be additional
members in this family of tumor-associated genes. (i) Not all
MMTV-induced mammary tumors in the C3H, BR6, and M.
cervicolor subsp. popaeus strains (10, 10, and 50%, respec-
tively) contain a mutated int-1 or int-2 locus (10, 21, 22, 25).
(ii) The frequency with which the int-1 and int-2 loci are
mutated appears to depend on the strain of mice or MMTV.
Thus, the int-1 locus is primarily affected in C3H and M.
cervicolor subsp. popaeus mammary tumors (80 and 45%,
respectively), whereas the int-2 locus is affected in 70% of
BR6 mice and to a lesser extent in the other two strains (10
and 5%, respectively). Although the basis for this apparent
specificity is unknown, we reasoned that examination of
other MMTV-mouse strain combinations might lead to iden-
tification of new int loci. To approach this question, we
studied mammary tumorigenesis in pedigreed outbred colo-
nies of feral species of the genus Mus. One colony (desig-
nated Czech II) was derived from a single breeding pair of
M. musculus subsp. musculus trapped in Czechoslovakia.
Czech II mice lack endogenous MMTV genomes, but con-
tain a poorly infectious strain of MMTYV which is transmitted
congenitally by milk (3; D. Gallahan, Ph.D. dissertation,
University of Maryland, College Park, 1986). This colony
has a 12% incidence of pregnancy-independent mammary
adenocarcinomas which are histopathologically similar to
those induced by MMTYV (C3H). We describe here a new int
locus (designated int-3) in MMTYV (Czech II)-induced mam-
mary tumors which is unrelated to int-1 and int-2.

MATERIALS AND METHODS

Source of tumors and tissue. M. musculus subsp. musculus
(Czech II) mice were originally trapped in Sladeckovce,
Czechoslovakia, and established in the laboratory from a
single breeding pair (3). All mice used were from breeding
stocks maintained by the National Cancer Institute at
Hazelton Laboratories of America, Inc., Rockville, Md.,
under National Cancer Institute contract N01-CB-94326.
Mice were kept under controlled photoperiods and temper-
ature conditions. Food and water were given ad libitum.
Feral mice also received additional food supplements in the
form of mealworm larvae. Breeding females were examined
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weekly for spontaneous mammary tumors. Suspected abnor-
mal growth in mammary tissue was excised from the mice
for histological typing and nucleic acid extraction. Tissue for
nucleic acid extraction was frozen in liquid nitrogen and
stored at —80°C.

Isolation of high-molecular-weight cellular DNA. Frozen
tissue was homogenized in a Waring blender containing an
equal weight per volume of 10 mM Tris (pH 8.0) and 5.0 mM
EDTA (10 ml/g of tissue). The homogenate was transferred
to a 50-ml tube which contained 0.5% sodium dodecyl
sulfate, 0.1 M B-mercaptoethanol, and 50 pg of proteinase K
(Boehringer Mannhein Biochemicals) per ml. The mixture
was then incubated at 37°C for approximately 4 h. DNA was
extracted with a mixture of phenol and chloroform as
previously described (14). After treatment with RNase,
high-molecular-weight DNA was precipitated with ethanol
and spooled onto a glass rod. Partially dried DNA was
suspended in TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA).

Restriction enzyme digestion of DNA and analysis. Restric-
tion enzyme reactions were carried out as directed by the
manufacturer. Restricted DNA samples were electropho-
resed on horizontal 0.8% agarose gels in E buffer (40 mM
Tris [pH 8.3], 2 mM disodium EDTA) at a constant voltage
(50 V) for approximately 18 h. A lane of HindIII-digested
bacteriophage lambda DNA was included as a molecular
weight control. The DNA was transferred from the agarose
gel to Genetran (Plasco Inc.) nitrocellulose paper for subse-
quent hybridization (30).

Before hybridization, filters were soaked for 4 to 24 h at
37°C in a prehybridization solution containing 3x SSPE (1X
SSPE is 180 mM NaCl, 10 mM NaH,PO, [pH 7.4], and 1 mM
EDTA), 5x Denhardt solution (0.02% Ficoll, 0.02% polyvi-
nylpyrrolidone, 0.02% bovine serum albumin) (7), 2.5%
dextran sulfate, and 50% formamide. Denatured probe was
added to a solution similar to the prehybridization solution
except that it contained 40% formamide. The mixture was
added to the plastic bag containing prehybridized filters and
incubated at 37°C for 24 h. The filters were washed in
stringent conditions involving three changes of 0.1x SSC
(I1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and
0.5% sodium dodecyl sulfate at 65°C. The filters were
exposed to Kodak XAR-5 C-ray film overnight or for up to
several days.

Re-use of Genetran membranes containing digested DNA.
Genetran filters were stripped of probe DNA and re-used for
subsequent hybridization with different probes. The filters
were placed in 100 ml of 0.4 N NaOH and incubated for 20
min at room temperature. This solution was discarded and
replaced with 0.1 M Tris (pH 7.5)-0.1x SSC-0.5% sodium
dodecyl sulfate solution to neutralize the filter. The filter was
incubated for 15 min at room temperature, after which the
neutralization solution was replaced and incubation was
continued for another 15 min. The filter was then prehybrid-
ized for subsequent hybridization. Genetran filters treated in
this way could be re-used at least five times before notice-
able DNA loss.

Isolation of RNA and analysis. Frozen mouse tissues were
homogenized in 5 volumes of RNA extraction buffer (6 M
guanidinium thiocyanate, 5 mM sodium citrate [pH 7.0], 0.1
M B-mercaptoethanol, 0.5% N-laurylsarcosine). The homog-
enate was layered onto a 1.2-ml cushion of 5.7 M CsCl in 0.1
M EDTA and then centrifuged at 200,000 X g for 12 h at
20°C. After centrifugation, the supernatant was discarded,
and the pellet was washed in 0°C 70% ethanol and allowed to
air dry. The RNA pellet was suspended in a small volume of
RNA suspension buffer (10 mM Tris [pH 7.4], 5 mM EDTA,
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1% sodium dodecyl sulfate). A 4:1 mixture of chloroform-
butanol was used to extract the aqueous RNA-containing
phase. The RNA was precipitated with ethanol and sus-
pended in H,O. Poly(A)* RNA was selected by oligo(dT)-
cellulose columns as previously described (1).

RNA samples were electrophoresed on horizontal gels
containing 1.5% agarose in 1X RNA running buffer (20 mM
MOPS [morpholinepropanesulfonic acid], 5 mM sodium
acetate, S mM EDTA [pH 7.0]) and 18% formaldehyde.
Poly(A)-selected RNA (10 pg) was precipitated and dried in
a 1.5-ml Eppendorf tube. The RNA was dissolved in sample
buffer (20 ul) containing 60% formamide, 1.2X running
buffer, and 0.2% bromophenol blue. The gels were run at 40
to 50 V overnight with recirculating buffer and then blotted
onto a nitrocellulose membrane (33).

The RNA filter was prehybridized, hybridized, and
washed under identical conditions for DNA hybridization.
After washing, the filters were dried and exposed to X-ray
film as with the DNA filter.

Preparation of DNA probes. Plasmids containing the
MMTYV (C3H) long terminal repeat (LTR) and gag, pol, and
env genes were generously provided by H. Varmus, J.
Majors, and N. Hynes and have been described elsewhere
(3, 27). They are, briefly, LTR, a 1.4-kilobase-pair (kbp)
Pstl fragment from MMTYV (C3H); gag, a 2.0-kbp PstI-Xhol -
fragment from MMTV GR-40; pol, a 2.4-kbp Xhol-EcoRI
fragment from MMTV GR-40; and env, a 1.7-kbp PstI
fragment from MMTYV (C3H). The int-1 2.4-kbp EcoRI-
BamHI fragment, as well as the 2.0-kbp Sacl and 1.8-kbp
Sacl-EcoRI fragments from the 5’ and 3’ ends, respectively,
of the int-2 locus, was generously provided by R. Nusse and
C. Dickson. Recombinant plasmids containing viral onco-
genes or proto-oncogenes were generously provided by C.
Sherr (v-fes and v-fms), R. Gallo (c-sis), E. Chang (human
c-Ha-ras-1), and J. Featherston (B-actin) or obtained from
the American Type Culture Collection (v-abl, v-src, N-myc,
N-ras, c-mos, and cK-ras-2). The DNA probes were labeled
with [*?P]dCTP by nick translation to a specific activity of
108 cpm/p.g (26).

Molecular cloning of viral and host flanking sequences. The
majority of techniques used for isolation and purification of
molecular clones were as described by Maniatis et al. (16).
Mouse liver or tumor DNA was digested with EcoRI in
preparative amounts. Specific fragments of interest were
identified by hybridization and purified by electrophoresis.
These fragments were ligated into A g* Wes X\ B. A genomic
library was constructed from tumor B4625 DNA partially
digested with Mbol. Approximately 15-kilobase (kb) frag-
ments were purified and ligated into BamHI-digested
EMBL3 (Vector Cloning Systems). After packaging, the
recombinant phage were plated on Escherichia coli 1. E392
and screened by previously described hybridization condi-
tions (16).

RESULTS

Spontaneous mammary tumors in Czech II mice and
MMTYV (Czech II). Czech II mice have been successfully
bred in the laboratory since 1975 (3). While the mice were
being maintained, they were closely monitored for disease.
Since occasional spontaneous mammary tumors were ob-
served in breeding Czech II females, lactating Czech II mice
were tested for MMTYV antigens. MMTYV particle-associated
gp36 was detected in the milk of some females, suggesting
the presence of infectious virus in some but not all mice
(Gallahan, Ph.D. dissertation). This was confirmed by the
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FIG. 1. The presence of integrated MMTV (Czech II) proviral
genomes in M. musculus subsp. musculus (Czech II) mammary
tumor DNA compared with normal liver DNA. Mammary tumor
and normal liver DNAs (10 g each) were digested with EcoRI, run
on a 0.8% agarose gel, and transferred to a nylon membrane. The
cellular DNAs were from (lanes) normal liver (A) and mammary
tumors B4625 (B), N402 (C), B4501 (D), B4532 (E), B4571 (F),
B4579 (G), B4651 (H), B4661 (I), B4603 (J), B4569 (K), B4681 (L),
B4559 (M), B4603 no. 2 (N), B4637 (O), B4817 (P), and B4879 no. 2
(Q). The membranes were hybridized with a mixture of the MMTV
(strain GR) and LTR probes (see the text).

presence of MMTV RNA in some lactating mammary gland
and mammary tumor tissue (Gallahan, Ph.D. dissertation).
The virus was designated MMTV (Czech II). The first
mammary tumors were identified in the general colony at
generation 5. Tumors arose in mice that were active breeders
and were classified as pregnancy-independent type A
adenocarcinomas (9). These tumors showed the usual well-
differentiated alveolar morphology with characteristic acinar
structures (data not shown). The Czech II colony had an
overall tumor incidence of approximately 12%, although this
varied within different maternal lineages. Tumor latency also
varied from 9 to 28 months, with an average of 15 months.

Presence of MMTYV in Czech II mammary tumors. Czech I1
mammary tumor DNA was examined for the presence of
integrated MMTV (Czech II) proviral genomes. Figure 1
shows blot hybridization results of EcoRI-restricted DNAs
from 16 Czech II mammary tumors. A mixture of probes
representing the entire MMTV genome was used in this
study (see Materials and Methods). Tumor DNAs B4579 and
B4651 apparently contain no MMTYV proviral genomes. This
is consistent with the absence of virus in the milk of the mice
(data not shown). The other mammary tumor DNAs con-
tained a varied number of MMTV hybridizing fragments.
Thus, 14 (87%) of the 16 Czech II mammary tumors exam-
ined contained integrated MMTYV proviral genomes. In ad-
dition to the Czech II liver DNA shown in Fig. 1, a random
sampling of Czech II individuals failed to produce evidence
for endogenous MMTV proviral genomes within normal
tissue (data not shown).

More information about the nature of the integrated viral
genome was obtained by digesting DNA from tumor B4625
with restriction enzymes Pstl and EcoRI. The blots were
sequentially hybridized with probes representing the MMTV
LTR and gag, pol, and env genes (see Materials and Meth-
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FIG. 2. Organization of MMTV (Czech II) proviral DNA in
tumor DNA B4625. (A) Cellular DNA (10 pg) from tumor B4625 was
digested with EcoRI (lanes 1, 3, 5, and 7) and Ps¢I (lanes 2, 4, 6, and
8). The restricted DNAs were run on the same 0.8% agarose gel and
transferred to a nylon membrane. Membranes were hybridized with
MMTYV LTR (lanes 1 and 2), MMTV gag (lanes 3 and 4), MMTYV pol
(lanes S and 6), and MMTYV env (lanes 7 and 8) probes (see the text).
(B) Partial restriction maps of recombinant clones pAl, pCz4, and
pCzS (see the text). The restriction sites are indicated as follows: E,
EcoRI; B, BamHI; P, Pstl; X, Xbal; K, Kpnl. The repetitive
cellular DNA sequences are indicated by a solid box. The MMTV
LTR is represented by an open box. The unique cellular flanking
restriction fragments used as probes, and their origins, are indicated
by hatched boxes.

ods). The results of these hybridizations are shown in Fig.
2A. Since the 2.9- and 1.5-kb EcoRI fragments contained,
respectively, gag-pol and env sequences, they represent
internal fragments of the integrated proviral genome. These
fragments appear to result from the presence of three inter-
nal EcoRI sites. The presence of a 6.0-kbp PstI fragment
which reacted with the gag, pol, and env probes suggested
that the MMTV (Czech II) genome lacks a PstI site in the
env gene which is common in the proviral genomes of
laboratory strains of MMTV. The 7.5-kb EcoRI fragment
which hybridizes to LTR and env represents the 3’ end of an
integrated provirus and 3’ host flanking sequence. Similarly,
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the LTF-gag-related 6.7-kb EcoRI fragment represents the
5’ end of the virus with host flanking sequences. The 7.5- and
6.7-kb EcoRI fragments were present in at least three tumor
DNAs (N402, B4625, and B4571) and appear to represent
insertions of the viral genome into a common region of the
cellular DNA (Fig. 1). Two common integration regions
(designated int-1 and int-2) have previously been shown to
be frequently occupied by an MMTV proviral genome in
mammary tumor DNA (21, 22). However, examination of
these genetic loci in all 16 Czech II tumor DNAs demon-
strated that they were unaltered (data not shown).

Cloning of the provirus-host junction DNA and the corre-
sponding uninterrupted cellular DNA. These results sug-
gested to us that some of the Czech II tumor DNAs might
contain a new common integration region. To explore this
possibility and to further characterize the MMTYV (Czech II)
genome, we attempted to obtain recombinant clones of
restriction fragments containing the common host-virus
junction sequences. Tumor DNA B4625 was chosen for this
purpose because it appeared to contain only one predomi-
nant integrated MMTV (Czech II) genome (Fig. 2).

Tumor B4625 (200 pg) was digested to completion with
EcoRI and then separated on a preparative agarose gel. A
region of the gel containing the MMTV-related 6.7- and
7.5-kb fragments was excised and purified by electroelution
(see Materials and Methods). The DNA was cloned into the
bacteriophage lambda Wes B vector at the EcoRI sites.
Recombinant clones (10°) were screened with the MMTV
LTR probe. One positive recombinant clone (designated
pAl) was selected for further study. It contains a 7.5-kb
EcoRI fragment encompassing the 3’ end of the integrated
MMTYV genome, as well as approximately 4.6-kb of flanking
cellular DNA (Fig. 2B). The host flanking sequences were
found to contain a short region which hybridized with highly
repetitive cellular DNA (Fig. 2B).

To obtain the 5’ host-virus flanking region and the unal-
tered cellular homolog, tumor DNA was partially digested
with the restriction enzyme Mbol to produce fragments with
an average size of 15 kb. The DNA was size selected on an
agarose gel, purified by electroelution, and ligated into
predigested phage EMBL3 at the BamHI recognition site.
Recombinant phage (5 X 10°) were screened with a mixture
of a unique cellular flanking 2.9-kb Xbal-EcoRI fragment
(designated probe A [Fig. 2B]) from pAl and the MMTV
LTR probe. Two positive recombinant clones, Cz4 and CzS,
were isolated. DNA was isolated from each clone and
digested with Sall, which cleaves the phage DNA immedi-
ately outside the BamHI site used for cloning. Sall frag-
ments of 12.8 and 13.1 kb were purified from Cz4 and CzS,
respectively and then subcloned into pBR322 at the Sall site.
The pCz4 recombinant clone contains 7.9 kb of the MMTV
(Czech II) proviral genome, including the 5' LTR, the gag
and pol genes, and a portion of the env gene (Fig. 2B). This
clone did not, however, react with probe A. Restriction
enzyme analysis provided four lines of evidence which
support the conclusion that pCz4 and pAl contain overlap-
ping portions of the same integrated provirus and that pCz5
represents the unoccupied homolog of the flanking cellular
sequences. (i) The pCz4 clone contains a 6.7-kb EcoRI
fragment which reacts with the MMTV LTR and gag probes
(Fig. 2A [lanes 1 and 3] and B). (ii) The extreme 3’ end of
pCz4 contains BamHI and EcoRlI restriction sites which are
also present at the 5’ end of pAl (Fig. 2B). (iii) The pCzS
clone does not react with the MMTV genome but does
hybridize with probe A. Restriction enzyme analysis showed
that pCzS5 contains restriction sites which are similar to those

NEW int LOCUS IN MMTV-INDUCED TUMORS 69

in the flanking cellular sequences of both pA1 and pCz4 (Fig.
2B). (iv) A unique 2.4-kb EcoRI-Xbal fragment from pCz5
(designated probe B) hybridized to a similar fragment 5' to
the viral genome in pCz4 (data not shown).

Since Czech II mice had been housed with other inbred
mouse strains, it was important to determine whether
MMTYV (Czech II) was a result of recent horizontal trans-
mission of a laboratory strain of MMTV or was a unique
strain which was present in the founder stock of the Czech II
colony. Although the MMTVs of M. musculus are all highly
related, it is possible to distinguish each laboratory strain by
restriction site polymorphisms which exist in their proviral
DNAs (5, 11, 12, 29). The MMTV (Czech II) proviral
genome is approximately 10 kb long and contains three
EcoRlI sites at 2.7, 5.8, and 7.2 kb from the end of the 5’
LTR. Pstl sites are found in the LTRs at 200 kb from the 5’
boundary of the LTR. Two additional Ps:I sites are located
at 1.5 and 2.6 kb in the gag gene. The proviral genomes of
the C3H, GR, and RIII strains of MMTV each lack the
EcoRlI site at 2.7 map units but contain a Ps¢I site at 6.6 map
units which is missing in the Czech II viral genome. From
these results we concluded that MMTV (Czech II) repre-
sents a new strain of MMTV

A common integration region for MMTV (Czech II) in
mammary tumor DNA. Comigration of host-virus junction
restriction fragments in several tumor DNAs suggested that
some Czech II mammary tumors contained an integrated
MMTYV genome at a common site in the cellular genome
(Fig. 1). To confirm and extend these findings, we examined
tumor DNAs with the unique cellular flanking sequence
probes A and B from tumor B4625. Insertion of proviral
DNA into the host genome led to the appearance of novel
restriction fragments. Figure 3 shows the results of blot
hybridization of EcoRI-digested Czech II mammary tumor
DNAs with probes A and B. These probes detected the
unoccupied 8.6-kb EcoRI fragment in liver DNA. We ob-
served no evidence of EcoRI restriction fragment length
polymorphisms with these probes in the Czech II mouse
population. In addition to the 8.6-kb fragment, probes A and
B hybridized to other novel fragments in certain tumors.
Tumor DNAs N402, B4625, and B4571 each contain a 7.5-kb
probe A-related fragment and a 6.7-kb probe B-related
fragment. Tumor DNAs B4817 and B4637 each contain
unique 8.0- and 6.5-kb fragments which hybridized with
probes A and B, respectively. In addition, these probes each
hybridized to a 10-kb fragment in tumor B4637. The hybrid-
ization signal with the 6.5-, 8.0-, and 10-kb fragments was
less intense than with the unaltered 8.6-kb fragment, sug-
gesting that in these tumors there may be cellular heteroge-
neity with respect to viral insertions in this region of the
cellular genome.

To demonstrate that the novel EcoRI fragments are the
result of MMTYV (Czech II) proviral integration, blots were
sequentially hybridized with probe B, MMTYV LTR, and gag
probes (Fig. 4). In tumor DNAs N402, B4625, and B4571,
the 6.7-kb probe B-related EcoRI fragment also reacted with
the MMTV LTR and gag probes. Similarly, the 6.5-kb
fragments in tumor DNAs B4817 and B4637 also reacted
with these viral probes. Complementary results were ob-
tained with probe A and the MMTV LTR and env gene
probes (data not shown). The 10-kb fragment in tumor DNA
B4637 reacted with the MMTV LTR but not with the gag,
pol, or env gene probes (Fig. 4; data not shown). These
results are diagrammatically represented in Fig. 5 and sug-
gest the following. (i) MMTV (Czech II) has integrated
within a 0.5-kb region of the cellular genome in five indepen-
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FIG. 3. Rearrangement of int-3 in mammary tumor cell DNAs. Mammary tumor cell DNAs (10 p.g each) were digested with EcoRI, run
on a 0.8% agarose gel, and transferred to a nylon membrane. The cellular DNAs were from mammary tumors (lanes) B4501 (a), N402 (b),
B4625 (c), B4532 (d), B4571 (e), B4579 (f), B4651 (g), B4649 (h), B4661 (i), B4603 (j), B4569 (k), B4681 (1), B4637 (m), B4817 (n), and B4879
no. 2 (o). The membranes were hybridized with (A) probe A or (B) probe B (Fig. 2).

dent tumors, (ii) the transcriptional orientation of each of the
complete viral genomes is in the same direction, and (iii) the
10-kb EcoRI fragment contains a viral genome in which all
but the MMTYV LTR sequences have been deleted. Based on
these results, we designated this region of the cellular
genome int-3.

To begin to assess the size of the int-3 locus, we hybrid-
ized DNAs with probes D and E (Fig. 2 and 5). Probe Dis a
400-base-pair fragment from clone pCz4 that reacted with a
9.6-kb EcoRI fragment in Czech II liver DNA (data not
shown). Probe E corresponds to a 4.3-kb EcoRI-Sall frag-
ment from pCz5 which lies to the right of the previously
identified viral insertion sites in the tumor DNAs. Analysis
of EcoRI-digested tumor DNAs with this probe revealed a
5.2-kb germ line fragment. Blot hybridization of EcoRI-
restricted tumor DNAs with probe D or E provided no
evidence for additional integrated MMTV genomes within
23.4 kb of the cellular genome (data not shown).

Mammary tumors contain RNA transcribed from int-3
probe C. MMTYV insertion into the inz-1 and int-2 loci

activates transcription of an adjacent cellular gene (8, 21). In
these two loci, MMTYV integration occurs in clusters which
are at either end of the cellular transcribed region. At the §'
end of the transcribed region, the orientation of MMTV
transcription is in the opposite direction from that of the
cellular transcribed region. The viral genomes inserted at the
3’ end of the cellular transcribed region are transcribed in the
same direction. However, within the MMTV (Czech II)
insertion region, all of the viral genomes are oriented in the
same direction. Thus, by analogy with the int-1 and int-2
loci, we chose to use probes B and C (Fig. 2 and 5), which
are unique cellular DNA sequences located 5’ to the MMTV
(Czech II) insertion sites. Figure 6 shows a Northern blot of
poly(A)-selected RNAs from a lactating mammary gland, an
int-3-positive tumor (B4625), and an int-3-negative tumor
(B4661). In Fig. 6B, the RNAs are hybridized with probe C,
a cellular flanking Xbal-BamHI fragment. This fragment
detects a 2.4-kb species of RNA not present in the inz-3-
negative tumor or lactating mammary gland. The same blot
was rehybridized with a B-actin probe as a control for the
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FIG. 4. Correlation between int-3 rearrangements and MMTV (Czech II)-related sequences in mammary tumor cell DNAs. Normal liver
and mammary tumor cellular DNAs (10 pg each) were digested with EcoRI, run on a 0.8% agarose gel, and transferred to a nylon membrane.
The cellular DNAs were from (panels) normal liver (A), tumor B4625 (B), tumor N402 (C), tumor B4571 (D), tumor B4637 (E), and tumor
(B4817) (F). The membranes were sequentially hybridized with probe B (lanes 1), MMTV LTR (lanes 2), and MMTYV gag (lanes 3) probes

(see the text).

amount of RNA present. The 2.2-kb B-actin RNA species
was detected in each sample. Another Czech Il int-3-positive
tumor (B4571) was also found to contain the 2.4-kb cellular
RNA species detected with probe C (data not shown). Thus,
the int-3 transcribed region lies 5’ to the sites where MMTV
(Czech II) had been inserted into the cellular genome. Since
probe B did not hybridize to these RNA samples (data not
shown), these sequences may correspond to an intron within
the int-3 transcribed region.

The int-3 locus contains a highly conserved cellular gene.
There are approximately 40 cellular proto-oncogenes whose
expression, when activated, could contribute to tumor de-
velopment (2). To determine whether in#-3 corresponds to
any of these genes, we began to determine whether it shares
nucleotide sequence homology with representatives of
known proto-oncogenes (c-erb B, N-ras, cH-ras-1, cK-ras-

2, N-myc, c-myc, and c-mos), viral oncogenes (v-abl, v-src,
v-fms, v-fes, and v-sis), or int-1 and int-2. Under stringent
blot hybridization conditions, int-3 probe C did not react
with any of the oncogenes, including int-1 and inz-2 (data not
shown).

One characteristic of proto-oncogenes, as well as the int-1
and int-2 loci, is that they have been evolutionarily con-
served (2, 4, 20). The evolutionary conservation of the int-3
locus was examined in cellular DN As from different species,
including Salmo sp. (salmon sperm), M. musculus subsp.
domesticus (C3H), M. musculus subsp. musculus (Czech II),
M. cervicolor subsp. cervicolor, Gallus gallus (chicken),
Equus caballus (horse), and Homo sapiens (human). These
DNAs were digested with EcoRI and blot hybridized with
probe C under stringent conditions (Fig. 7). DNAs from all
of the mammalian species examined hybridized under these
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FIG. 5. Restriction map of the int-3 locus. The restriction sites are indicated as follows: E, EcoRI; B, BamHI; K, Kpnl; X, Xbal. The sites
of the two clusters of integrated MMTYV (Czech II) genomes are indicated by the two vertical arrowheads. The transcriptional orientation of
the integrated viral genomes is indicated by the horizontal arrowheads. The origins of the cellular flanking sequence probes are indicated by
open boxes. The closed and hatched box corresponds to probe C, which hybridized with a 2.4-kb species of tumor RNA.
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conditions with probe C. The two M. musculus samples each
contained an 8.6-kb fragment observed earlier. M. cervicolor
possessed a different-size fragment of approximately 20.0
kb, indicating restriction fragment length polymorphism.
Restriction fragment length polymorphisms were also ob-
served in the other mammalian species. Probe C reacted
weakly with chicken DNA and not at all with salmon sperm
DNA. Probe A did not react with DNA from any other
mammalian species (data not shown). These results suggest
that the inz-3 transcribed region (probe C) is highly con-
served, at least among mammalian species, whereas cellular
sequences flanking this region have diverged during evolu-
tion.

DISCUSSION

The topography of the int-3 locus and cellular transcribed
region. Five independent Czech II mammary tumors have
been shown to have an MMTYV (Czech II) genome within the
int-3 locus. In each of these, the transcriptional orientation
of the viral genome is in the same direction. Tumor B4637
contains two integrated viral genomes at the int-3 locus. One
of these appears to be deleted for all but the MMTV LTR
sequences. It is possible that this represents two indepen-
dent integration events involving a complete viral genome
and a deleted proviral genome corresponding to an aber-
rantly spliced MMTV RNA. A more plausible possibility is
that the deleted viral genome arose from the complete viral
genome during evolution of the tumor. This could have
resulted from a recombination event between the two
MMTV LTR elements, which would cause loss of the
intervening structural genes. Dickson et al. (8) also have
described a tumor with a single MMTV LTR present in the
int-2 locus. Further restriction mapping of recombinant
DNA clones containing the two proviral genomes would be
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FIG. 6. Expression of int-3 in M. musculus subsp. musculus
(Czech II) mammary tumors. Poly(A)* RNAs (3 ug each) prepared
(see the text) from normal lactating mammary gland (lane 1), the
int-3-negative tumor B4661 (lane 2), and the int-3-positive tumor
B4625 (lane 3) were denatured in the presence of formaldehyde and
run on 1% agarose gels containing formaldehyde. The RNA samples
were then transferred to a nylon membrane and hybridized with
either B-actin probe (panel A) or int-3 probe C (panel B).

J. VIROL.

FIG. 7. Sequences related to the int-3 locus in other vertebrate
species. Cellular DNAs (10 pg each) from (lanes) salmon sperm (A),
M. cervicolor subsp. cervicolor (B), M. musculus subsp. musculus
(C), M. musculus subsp. domesticus (D), horse (E), chicken (F), and
human (G), were digested with EcoRI, run on a 0.8% agarose gel,
and transferred to a nylon membrane. The blot was hybridized
under stringent conditions (see the text) with probe C.

necessary to answer this question in an unambiguous man-
ner.

MMTYV insertion into the int-3 locus activates expression
of a 2.4-kb species of RNA which is not present in lactating
mammary tissue or in a tumor lacking a viral insertion at the
int-3 locus. However, this RNA species was not detected
with probe B, which corresponds to 2.9 kb of unique cellular
DNA sequences adjacent to the 5’ end of probe C. This
suggests that the int-3 transcribed region contains a mini-
mum of two exons which are separated by an intron that is
2.9 kb or more in size. Since no further analysis of the int-3
transcript was attempted, the precise organization of introns
and exons and the transcriptional orientation of the cellular
transcribed region remains to be determined. However, it is
possible to make certain predictions by comparing the or-
ganization of the int-3 locus with that of the int-1 and int-2
loci. The cellular transcribed regions of the int-1 and int-2
loci are, respectively, 5.0 and 7.0 kb in size. In each case, the
cellular transcribed sequences are bounded by regions of
tumor DNA which are frequently occupied by an MMTV
genome (8, 21). The transcriptional orientation of the viral
genomes which are integrated at the 5’ end of these loci is in
the opposite direction of that of the cellular transcribed
region, whereas transcription of the viral genomes occurring
at the 3’ end of the locus is in the same direction as the
cellular transcribed region. By analogy with these loci, the
cellular transcribed region of int-3 is likely to be much larger.
This is suggested by the absence of viral integration events
within 13.0 kb of tumor DNA that lies 5’ to the previously
identified cluster of viral insertions at int-3. Thus, it is
possible that further examination of DNA sequences more
distant to the 5’ end of those already examined will reveal
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another region of tumor DNA which is frequently occupied
by an MMTYV (Czech II) genome. This would represent the
other boundary of the int-3 transcribed region.

Expression of int-3 RNA does not begin within the LTR of
the MMTYV (Czech II) proviral genome since the 2.4-kb inz-3
RNA does not react with the LTR probe (data not shown).
There are at least two possible mechanisms by which
MMTV (Czech II) activates int-3 RNA expression. First,
integration of an MMTV (Czech II) genome at int-3 could
disrupt cis-acting regulatory sequences which control RNA
expression at this locus. Another possibility which would
explain the uniform transcriptional orientation of the provi-
ral genomes with respect to the int-3 transcribed region has
been proposed by Nusse and Varmus (21) and Dickson et al.
(8). In their model, enhancer elements within the U3 region
of the MMTV LTR are responsible for activation of the
adjacent cellular transcribed region. These elements could
act only or preferentially on cellular transcriptional promot-
ers which are 5’ to the integrated proviral genome.

Possible role in tumorigenesis. At present, there are pri-
marily two lines of circumstantial evidence supporting the
view that MMTV-activated cellular genes contribute to
mammary tumor development. First, there is a high fre-
quency of mammary tumors in which expression of one of
the int loci is activated by an MMTYV genome integrated in
adjacent cellular sequences. Second is the analogy of this
phenomenon with other retrovirally induced neoplastic dis-
eases. Indeed, integration of a retroviral genome at a com-
mon integration locus in several tumors of the same type has
been reported in avian B-cell lymphomas induced by two
unrelated type C retroviruses (15, 19), avian erythro-
leukemia induced by a type C retrovirus (13), and T-cell
lymphomas induced by murine leukemia virus (6, 34). In
each case, the consequence of viral integration at the com-
mon loci in tumor DNA is activation of expression of an
adjacent cellular gene. The common integration loci in the
B-cell lymphomas and avian erythroleukemia are, respec-
tively, the c-myc and c-erb B proto-oncogenes. These genes
are the progenitors of the acute tumorigenic retroviral onco-
genes. Most of the common integration regions in T-cell
tumors, like the MMTYV int loci, appear to be unrelated to
the known proto-oncogenes. However, each of these cellular
genes, like the proto-oncogenes, are highly conserved
among mammalian and avian species.

The biology of MMTV-induced mammary tumors appears
to involve a multistep process (37). In MMTV (C3H)- and
MMTV (Czech II)-infected mice, the earliest detectable
stage of tumor development is the appearance of hyperplas-
tic alveolar cells or nodules. Hyperplastic alveolar nodules
are considered premalignant precursors to the later develop-
ing pregnancy-independent adenocarcinomas. The MMTV
(RIII) strain induces pregnancy-dependent mammary tumors
which, after two or more pregnancies, progress to hormone
independence. It seems probable, therefore, that multiple
MMTV-induced or stochastic mutations are required for
tumor development. Indeed, activation of int-1 and int-3 is
associated with development of virally induced, pregnancy-
independent mammary adenocarcinomas. Activation of the
int-2 locus occurs very early in the pregnancy-dependent
stage of MMTV (RIII)-induced mammary tumors (24). Ad-
ditional mutations are probably required for progression to
hormone independence. Peters et al. (25) have provided
evidence consistent with this conclusion. They found, in 30
MMTV (RIII)-induced mammary tumors, 15 with viral in-
sertions in both the int-1 and int-2 loci and six each with an
insertion at int-1 or int-2 only. Recently, they have shown
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that two of the three remaining tumors that lack viral
insertions at int-1 or int-2 contain a viral insertion at int-3 (G.
Peters, personal communication). The necessity for multiple
genetic alterations during mammary tumor development has
also been suggested for transgenic strains of mice containing
a recombinant c-myc gene linked to the MMTV LTR (32).
Although these mice have a high incidence of mammary
adenocarcinomas, not every mammary cell is tumorigenic,
and tumors appear only after two or more pregnancies.
These observations suggest to us that the inf loci represent a
family of cellular genes which, when activated by MMTV,
contribute to deregulation of mammary gland development.

The different MMTYV strains isolated from inbred and feral
M. musculus are all highly related and appear capable of
integrating at many sites within the cellular genome. Thus, it
seems a paradox that the frequency with which the different
int loci are activated varies with the particular strain of
MMTV (10, 21, 25). Since different strains of mice were used
in these studies, it is not possible to evaluate the potential
contribution of the genetic background of the host to the
apparent specificity. It is known, however, that the kind of
tumor (pregnancy dependent or independent) induced by
MMTV is associated with the particular strain of virus and is
independent of the mouse strain (31). Similarly, it could be
that the relative frequencies with which different int loci are
activated reflect a property of the virus which distinguishes
different target cell populations in developing mammary
glands. It will be of interest to determine whether mammary
tumors induced by new strains of MMTV from feral mice
(10; Callahan, unpublished data) reveal additional int loci in
tumor DNA.
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